Introduction
The long history of various strands of critical political economy (CPE) can be traced back to Marx's seminal analyses of capitalist development. As capitalism developed, these analyses became more sophisticated but nonetheless there are issues that require further exploration. I therefore have three aims in this article. First, I argue that CPE -as do the social sciences more generally -needs to engage more closely with the "the stuff that things are made of", the properties of materials, their microstructures and transformations of these as such knowledge is crucial to understanding why materials acquire use values within the commodity production process. Put another way, CPE needs to open up the 'black box' of materials and their transformations in order to understand better why and how these can be manipulated in particular ways to create exchange value. Secondly, I offer an explanation in terms of competitive epistemologies, conceptions of theory and claims as to what constitutes valid knowledge as to why consideration of the microstructures and properties of materials and their transformations has persisted as a lacuna in CPE. Filling it is a necessary precondition to consideration of the limits to and possibilities for progressive change in the socio-technical relations that shape the economy. Knowledge of what it is materially possible to produce is a necessary precondition for consideration of alternative conceptions that challenge the hegemony of capitalist material interests and imagine alternative ecologically sustainable and socially just visions of the economy. Thirdly, I explore and exemplify the more general claims about the need to understand production as simultaneously a value-creation process and a materials transformation process, and that understanding the former requires grappling with the latter, via some illustrative examples drawn from the automobile and steel industries. While Bakker and Bridge correctly point to the neglect of materials transformations in analyses of Fordism, these issues have been addressed to some degree (for example see Best, 1990; Hounshell, 1984; Storper and Walker, 1989) 1 . To develop these analyses further, I
focus upon relations between producers of steel and producers of automobiles and their component parts and the ways in which specific sorts of steels have been 1 I am grateful to one of the anonymous referees for reminding me of this.
developed to meet the requirements of particular end uses in automobile production.
In this way I will seek to develop existing analyses and respond both to Ingold's plea to engage more deeply with "the stuff that things are made of" and how that "stuff" is itself produced and Bakker and Bridge's challenge to explore the development of particular types of a material often treated as homogeneous and undifferentiated by social scientists for the production of perhaps the iconic commodity of twentieth century capitalism.
Developments in and limits to CPE
In his analysis of the labour process in volume 1 of Capital Marx emphasised that production involved the application of human labour to materials taken from the natural world and their transformation into socially useful products. While Marx's focus was on capitalist production he was equally clear that, irrespective of the dominant social relations, any process of production was also one of materials transformation, with unavoidable material consequences and deleterious environmental effects.
However, having recognised that production always involves material transformation, Marx then focussed upon production -and the economy more generally -as a socio-technical system driven by specific material interests, on the social relations and technologies of production and the way in which these were shaped in specific configurations to enable the continuing (expanded) reproduction of capital.
Recognising the specificity of capitalist social relations had precise implications for the ways in which material transformations were shaped and delimited and for which materials from nature became part of these social processes of value creation and commodity production. His focus -and that of those who followed him -was upon value creation and expansion, on the creation of surplus-value through the application of labour-power in production, the appropriation of surplus-value by capitalists and capitalist enterprises and its transformation into capital rather than on the properties of matter and material transformation per se.
The grounding of production in material transformations was thus acknowledged but then bracketed out. Its implications both for processes of value creation and the reproduction of the social and ecological conditions that enabled capitalist production to continue remained largely unremarked. This one-sided perspective remained dominant in subsequent developments in Marxian political economy: for example, in increasingly sophisticated analyses of the labour process (such as Braverman, 1974) . The emphasis in analyses of capitalist economies upon circuits of capital and flows of value (for example, see Palloix, 1977; Harvey, 1982) further diluted the significance of the properties of matter for the possibilities of commodity production.
Focussing on the commodity form emphasises the exchange of formally equivalent quantities of socially necessary abstract labour and neglects their material attributes and properties (Lűtticken, 2008) .
Furthermore, the development of modern capitalism and the practices of major capitalist enterprises increasingly emphasised the symbolic register of commodities and their socially ascribed meanings. Promoting the symbolic attributes of commodities through advertising, seeking to influence processes of consumer knowledge acquisition so that commodities are seen to be imbued with attributes that exceed their immediate functional and practical uses, and constructing the consumer via the deployment of psychological and social research were central to the rise of mass production/mass consumption in the 1920s and to subsequent capitalist development (for example, see Williams, 1980 2 ). Major companies, especially those producing for final consumer markets, became brand managers, creating extensive brand families incorporating diverse commodities under a particular brand label (Klein, 2000) , thereby siphoning off monopoly rents. Systematic consideration of issues of meaning and semiosis is undoubtedly a major contribution to a more sophisticated CPE (or cultural political economy: Sum and Jessop, 2007) . However, such approaches further divert attention from processes of materials transformation and the materiality of the processes and transactions of the economy. In general material matters, particularly concerns with "the stuff that things are made of" and processes of materials transformation, remained the domain of the physical and engineering sciences, which developed extensive theories and laws about material properties and transformations . While physical scientists and engineers developed important knowledge about chemical and physical processes, the possibilities that these allowed to shape matter in particular forms and the ways in which these could be deployed in economic activities, they did so in ways and via methodological and theoretical positions that bracketed out the social context and relations in which the economy was performed. Meanwhile, although there was often a concern with R&D, and more recently with 'knowledge-based economies', social scientists overwhelmingly bracketed out from their analyses of economies any consideration of issues such as the effects of the physical and chemical properties of materials on the capacity to create commodities embodying value. 1989), there has been the beginning of a revival of social scientific interest in issues of materials transformation and related material aspects of the economy. As Harvey (1996) notes, all processes of industrialisation are fundamentally socio-ecological projects. However, such concerns have largely remained at an aggregate level rather than engaging with the micro-scale properties of materials and processes of materials transformations and their implications for and relationships to commodity production.
Why then is it important for CPE better to understand the micro-scale properties of the materials and the materials transformations that lie at the heart of production?
Knowledge of these properties and the ability to manipulate them, or transform them via combination with other materials, to give desired use value characteristics is central to industrial capitalism and capital accumulation. Value is created via such manipulations and transformations as materials with use values are produced and in turn provide a basis for exchange value and further value creation as they are transformed into new commodities. Equally such knowledge is a crucial pre-condition for serious consideration of a transition to either a different form of capitalist economy or, more radically, to non-capitalist relations of production. Such changes would incorporate modification to both the volume and composition of production and the material composition of products themselves, reflecting a much greater emphasis on socio-spatial and ecological equity and sustainability rather than simply economic growth and accumulation per se, Furthermore thinking about the economy in the way outlined in this paper, recognising the centrality of material flows and transformations, challenges and 7 problematises established approaches that focus on firms and/or sectors.
Emphasising flows of materials as well as of values among firms and across sectoral boundaries suggests that a more productive way of thinking about the economy is in terms of production systems of varying organisational composition, complexity and spatiality. Such an approach could begin with the final commodity and work back through the various firms, in different sectors, involved in its production and the complex array of material and social processes and flows that this entails, back to the initial extraction and appropriation of materials from nature. Equally it could begin with that initial extraction and appropriation and follow the flows in the opposite direction. Either way, it would emphasise the connectivity, complexity and uneven development of the capitalist economy, especially as these flows typically now involve global trade patterns 4 .
In this paper, therefore, I want further to develop a concern with the properties of materials and materials transformations in critical political economic analyses, framed by a Marxian conception of the production process (understood in both its narrow and broad senses). I consider the properties of materials and materials transformation in greater depth because of their influence on use values and thus on their pivotal role in creating exchange value and the production of commodities and of the material worlds in which people live. Schematically three types of transformation can be recognised: 5 molecular transformations that produce specific desired changes in the properties of the resultant materials and so directly affect their capacity to form use values and the uses that can subsequently made of them 4 Several approaches to studying global flows have emerged in recent years -commodity chain analysis, value chains, Global Production Systems, for example (see Coe et al, 2004; Gereffi and Korzeniewicz, 2004; Gereffi et al, 2005) but all neglect the materiality of these flows (Hudson, 2008) . 5 For a similar three-stage perspective (production; fabrication/manufacturing; use), see Michaelis and Jackson, 2000) . The argument here is developed in relation to those commodities that involve such material transformations and that conventionally would be regarded as 'manufactures'. This in turn can set in motion a fresh wave of product innovation, seeking to create value in further new commodities.
9
Much of the existing work in CPE (indeed more generally in social scientific work on the economy) focuses on the second and especially the third of these types of transformation. There is an extensive literature analysing the ways in which commodities are manufactured. Broadly speaking, this seeks to comprehend the various ways in which capitalist social relations are configured to ensure that the production of diverse components and their assembly into final products is successfully achieved such that the value embodied in the end product exceeds that of the inputs to the production process, creating the potential for capital to realise profits. Knowledge, know-how and know-who are crucial inputs to production processes. They include artisanal production, production through networks of small and medium-sized enterprises (SMEs) organised in industrial districts and a variety of methods of large scale production such as Taylorist/Fordist mass production, lean production and just-in-time methods of flexible high volume production (for example, see Hudson 2001, 96-216 . Secondly, the forming, moulding and shaping of these transformed materials into commodities with exchange value, either products for final markets or components and parts that will in due course become part of products for final markets. The crucial point is that it is the interplay of the social relations of production, the imperatives that they bring, and the properties of materials and knowledge about them that shapes the anatomy of commodity production.
Knowledge of the properties of materials and of how to manipulate transformative processes to produce materials with desired properties has long been the domain of natural, physical and material scientists. Since this knowledge also allows profitable commodity production (and indeed is often created specifically for that purpose in the R&D laboratories of major capitalist enterprises or in University laboratories that they support) social scientists who wish to deepen understanding of capitalist economies must conceptualise them as conjoined processes of value creation and materials transformation and be cognisant of the latter processes 8 .
7 Under certain circumstances, the state may step in (for example via nationalisation or public ownership) to ensure that materials that themselves cannot be produced profitably are actually produced and sold at prices that allow others to produce other commodities profitably. This was the case with steel in Italy and the UK, for example, for much of the latter half of the twentieth century (see Hudson and Sadler, 1989) . 8 There are important differences between production processes based directly in nature and manufacturing processes. Biologically based processes that involve animals and plants as participants typically involve nurturing or enhancing natural processes of growth and development via manipulating the growth environment rather than materials transformation as an intentional strategy of production (for example, see Boyd et al, 2001; Prudham, 2005) . In addition, activities such as mining involve winning natural materials and perhaps some in-situ processing but not their molecular transformation. In both cases, there are critical issues relating to the appropriation of nature (Hudson, 2005, 45-54) , especially acute when this involves modifying of living organisms and associated deep ethical concerns. The transformation of natural materials into natural resources owned by specific capitalist interests, central to strategies of accumulation via dispossession 
An epistemological dilemma
Prima facie, it seems strange that critical political economists and social scientists interested in the economy have neglected the processes of transforming materials (Harvey, 2003) , can occur in diverse ways, ranging from military action and physical force linked to processes of (neo)colonialism to more subtle means, such as IPR legislation and the due processes of the rule of law (for example, see Prudham, 2007; Sneddon, 2007) . sciences the dominant conception of theory has been and for many physical scientists remains that of 'traditional' theory, ideally deductive in structure, empirically verified and validated via inter-subjectively available knowledge and, crucially, by its predictive capacity and power. Moreover, prediction and explanation are seen as synonymous in a world regarded as governed by universally applicable and invariant 9 Social scientists -for example, some anthropologists, geographers, and political economists -have of course shown interest in more general material aspects and forms of economy and society. As Ingold (2007) , emphasises, however, they have had little to say about "the stuff that things are made of". Similarly, and going on from Ingold's observation, my point is that they have had little if anything to say about the processes of material transformation that precede as a necessary condition the creation of these forms (and indeed that follow the end of their lives as commodities) and shown little interest in knowledge and laws in the physical and natural sciences that explain and predict these transformations and allow them in principle to be managed and controlled, 10 Vogel (1996, 7) notes that Critical Theory has struggled to come to terms with such developments, which both elucidate and fundamentally complicate the epistemological and methodological accounts that it offers ( for example see Sayer (1984) or Latour (2005) for very different but equally incisive critiques). . Such a form of theory developed in the natural sciences was intended to be socially progressive by emancipating people from the constraints of nature, rendering the natural world amenable to control and so change in those directions that people preferred (Lewis and Melville, 1977) 12 .
There are still those who see a 'traditional' form of theory as relevant in the social sciences 13 but I take it as axiomatic that this is an inappropriate form of knowledge for understanding the social relations of the economy and the economy as a social process of value creation. In contrast, those working within the framework of CPE and critical social science favour 'critical theory', with different criteria for assessing the value and validity of knowledge. This is because , irrespective of the intentions of the theorist, translating the 'traditional' form of theory from the natural into the social sciences leads to possibilities of social control and engineering, premised -even if only tacitly -on a view of society as unchanging in its underlying and formative social relationships and structures. The ability to predict the consequences of intervening in a process, whether social or natural, is a prerequisite for successfully manipulating it (see Fay, 1975) . Those who possess (social) scientific knowledge thus have the possibility of exercising social control. In this way the progressive role of traditional theory in helping emancipate people from the constraints of nature can become a repressive role in maintaining structures of social domination and repression. This is clearly problematic for political economists and social scientists who wish to develop a notion of 'critical' theory that relates theory to practice, 11 Sayer's (1984) work on critical realism emphasises the unobservable causal structures that underlie both natural and social events. Since the realisation of their causal powers depends upon contingent effects, which may or may not be realised in a given set of circumstances, the symmetry between explanation and prediction is shattered. 12 The fact that it often had precisely the opposite effect because it led to unintended consequences is of great practical significance but is not the point at issue here. 13 It remains dominant in mainstream economics, for example. What then to do? To reject a concern with the properties of materials and their processes of transformations because they are tied to a particular conception of 'traditional' theory is unnecessarily restrictive and indeed counter-productive.
Consequently, if we are serious about seeking a deeper understanding and integration of consideration of materials transformations and their relationship to commodity production within the realms of a CPE, there is no choice but to accept that different forms of knowledge are informed by different interests and purposes 14 However, the translation of theory into practice requires the undoubtedly problematic identification or constitution of subjects to effect such transformational change. This raises a different set of issues that are crucial but tangential to my main concerns here (for example see Castree, 2006 
Material matters, material transformations and commodity production: the example of the automobile and steel industries
In this section, using the example of the automobile and steel industries and the links between them, I further explore the implications of examining the production process through the lens of materials transformations and the properties of matter. Contrary to popular misconception, steel is not a homogeneous commodity. Moreover, different components and parts of automobiles require steels with different properties appropriate to their specific uses in production. The central point is that the end uses of the steel, the forms into which it is transformed and the uses to which it will be put, are intimately connected to the properties of the metal. For example engine parts require very different types of steel to body parts. Thus the automobile-steel nexus provides a good exemplar through which to explore the ways in which different types of steel are developed and customised to meet the requirements of particular components and parts and/or particular customers. Conversely, automobile companies seek to shape the R&D and production strategies of steel companies as they refine the development of their products in search of competitive advantage or to satisfy changing regulatory requirements 17 .
Contrary to popular perceptions of steel that it is a technologically backward 'smokestack industry, "steel making has now become a high tech industry ... [with] major gains in productivity and product quality" (Llewellyn, 1995, 11) . The costs of R&D have led to collaboration and strategic alliances between major producers (see Table 1 ) 18 and the demands of automobile producers have been an important motive for refining production processes and enhancing product quality. Production processes are highly automated, with sophisticated computerised process control systems (for example, see Arena et al, 2006) 19 . Furthermore because of continuous 17 There are several other reasons for choosing automobiles and steel as exemplars: both are major global industries, the chemical and physical processes of materials transformation are relatively simple (as compared to, say, carbon-based petrochemicals) and both have attracted considerable attention from social scientists (for example, see Beynon, 1973; Burn, 1961; Carr and Taplin, 1962; Hudson and Sadler, 1989; Hudson and Schamp, 1995; Warren, 2001; Womack et al, 1990) . 18 Since the data in this table were compiled, there has been further major merger and acquisition activity in the global steel industry, notably the acquisition of Acelor by Mittal (2006) and of Corus by Tata (2007) . Both were motivated by a desire to acquire more advanced technologies, know-how and higher value products. Automotive steels account for 25% of AcelorMittal's annual R&D budget of $US250m (AcelorMittal, n.d. . At the same time, production of steel from scrap via the Electric Arc Furnace (EAF) route has increased, often forming the starting point for producing more complex steels.
However, in both cases technological and process innovations in secondary steelmaking have been crucial in enabling the production of a wide range of steels customised to the requirements of specialised uses and users. Steel producers have sought competitive advantage via developing specific qualities of steel unique to them and protecting this via patents.
Advances in computer modelling and the incorporation of tacit knowledge into sophisticated expert systems allow the properties and qualities of steels to be predicted accurately as compositions and processing technologies are varied, increasing capacity to manipulate material transformations so as to give steels with a desired mix of properties and qualities. Knowledge of the effects of compositional changes, interactions between added alloys, heating/cooling sequences and other material transformations linked to particular forming processes, enable steels and parts made from those steels to be produced as saleable commodities with defined desired qualities. Conversely, seeking to understand these processes of commodity production presupposes scientific knowledge of the underpinning material transformations and properties of the resultant materials.
control (Wiener, 1985) . In this recognition of the limitations of human agency, there are similarities with approaches emphasising "vital materialisms" and the agency or "vitality" of matter (for example, see Bennett, 2010 : Latour, 2005 . 20 Steel cleanliness (that is, the reduction of non-metallic inclusions in the steel) and quality have been improved via innovations in secondary steel making, including vacuum degassing (1950s), argon shrouding of the molten metal stream (1960s) and vacuum steel making (1970s) (Llewellyn, 1995, 128-9) .
Drawing upon knowledge developed in the physical and materials sciences, therefore, steel can be produced with particular characteristics that are required for a given use. These characteristics depend upon the composition of the steel, the mix of alloys added to it and the type of production process and the way in which this is managed (for example, see Hawbolt et al, 1983) . In particular, different combinations of heating and cooling the metal can be deployed so that the steel has a particular crystalline microstructure and mechanical properties, such as hardness, malleability or ductility, which are appropriate for shaping it in particular ways into particular forms for particular uses (for example, sheet for automobile bodies or engineering steels for engine components)
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. The end uses of the steel, the forms into which it is transformed and the uses to which it will be put, are closely connected to the properties of the metal. Ensuring the appropriate properties often involves strategic collaboration between steel producers and users over R&D. Put another way, it is vitally important to have knowledge of materials, their properties and how these can be changed and manipulated, of how materials transformation processes can be managed so that steel can be produced with the characteristics -including an affordable price -required by customers and end users while yielding sufficient profit for the steel producer.
Automobiles constitute a major market for steel producers while steel is a major constituent of automobiles. For example, the automotive sector accounts for a majority of the production of Acelor, Nippon Steel and Bethelem Steel and is a significant market for other major steel producers ( 
Yakita et al, 2001
). Steel is far from being a homogenous commodity, however, and steel producers have sought to move up the value chain to produce more specialised higher value steels, drawing on knowledge of materials properties and transformation to create new products, ideally unique to them 22 . Manufacturing automobiles requires many types of steels, varying in their chemical composition, microstructure and mechanical and physical properties. Understanding which types of steel are required for particular uses, and having the capacity to produce such steels, depends upon detailed knowledge of the transformations that steel will undergo, depending upon its composition and the processes (heating, cooling, hot and cold rolling, stamping and so on) to which it is subjected, Knowledge of these properties and their various interactions allows the qualities of steels to be accurately modelled and predicted, using powerful computer simulation models, and matched to the required end uses in automobile construction.
Conversely, for over a century demand from the automobile industry has been a major driver of change in the steel industry. As Souther (1910, as unimportant and heat treatment was an unknown term". However "during the last few years ... the steel business has advanced and changed rapidly and ... the incentive is found in the manufacture of automobiles", an incentive that was to continue in future . In order to manufacture automobiles successfully and profitably as commodities, various steels must be available at appropriate prices, both high enough to enable steel producers to make sufficient profit while undercutting any potential substitute materials and low enough to enable automobile manufactures to produce commodities that sell and realise the surplus-value embodied in them.
Consequently different types of steel must be used for different parts and components, matching their characteristics with the required use
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. Even so, a century or so ago, choice of steels for automobile production was fairly straightforward: "With a given quality of automobile in view, the number of grades of steel necessary to construct it is few, namely, a good all-round forging steel, a steel of slightly better quality to be used for gears, a spring steel and a steel suited for the pressed-steel portions of it" (Souther, 1910, 459) . properties .... A new rationale for production was the result: given a function or performance to achieve, find the material that has the needed properties".
Consequently, major steel companies devote considerable expenditure to R&D (see Table 1 ) and there have been, and continue to be, close and symbiotic relations between major steel producers and automobile manufacturers over issues of process and product innovation and design. As a result, knowledge of different types of steels available to car manufacturers and of their suitability for different uses has expanded dramatically. Indeed, such links have deepened as more technically 23 As Souther (1910, noted, while alloy steels began to be increasingly used in automobile manufacture "The alloy steel is no cure-all and must be used intelligently, if any compensation for increased cost is to be realised. Knowledge of steel is not sufficiently widespread. The history of the automobile is short and there has not been time enough to disseminate knowledge of so many special steels and special treatments". (Takahashi, 2003) . There are also collaborative links between the major automobile producers. For example EUCAR (The European Council for Automobile R&D) brings together 13 major producers to engage in pre-competitive R&D in areas where their combined efforts benefit all participants and feed into future competitive product innovations (EUCAR, 2010) . 25 For example Corus has a dedicated Automotive Services Centre offering a wide range of first and second stage processing facilities for the volume production of car body panels and underbody components (Corus, n.d.(b) ).
behind innovation in the steel industry has been the revolution in vehicle manufacturing, as automotive steel represents the largest source of revenue for integrated mills... [this has] increased the drive for innovation and process improvements in the value-added end of the automotive steel market" (Warrian and Mulhern, 2006, 162) . In the remainder of this paper I will exemplify these points via reference to specific types of steel used in automobile production.
Strip (sheet) steel and automobile production
The introduction of the continuous hot strip mill in 1923 was critical in enabling the growth of mass production in the automobile industry. Prior to this, steel was rolled in individual sheets, a slower and more expensive process. The automobile industry remains the largest consumer of strip steel, the predominant material for auto bodies (body-in-white 26 and other body components) and structural components. It has provided the greatest stimulus and challenge for R&D and the development of new improved grades of steel strip. Increasing demands from major automobile producers for higher quality steels -for example in terms of gauge control, flatness, surface texture, resistance to corrosion and strength/weight ratios -have been and continue to be a major driver of product and process innovation. During the 1970s and 1980s the character and qualities of steel strip demanded by automobile manufacturers changed significantly as they sought to reduce fuel consumption, enhance resistance to corrosion and improve passenger safety as these became important dimensions of competition and regulatory requirements became more stringent (Llewellyn and Hudd, 2004, 115-28) . Typically this involved simultaneous consideration of varied aspects of material transformations due to the 26 The body-in-white refers to the welded sheet metal components which form the vehicle's structure and to which the other components -engine, chassis, exterior and interior trim -will be added.
interrelationship between the microstructures of steel and the methods of working and forming it into components and parts. While steel can be hot rolled down to thicknesses of 2mm, automobile producers demanded thinner and so lighter cold rolled steel. However, while cold rolling increases the strength of steel, it reduces ductility. Annealing enhances ductility and malleablility, restoring a high level of cold formability, making it easier to form complex shapes 27 . In response to pressures to enhance resistance to corrosion and provide more comprehensive warranties against structural and cosmetic deterioration, cold rolled strip for automobile bodies was increasingly zinc coated and in some cases also organically-coated (Llewellyn, 1995, 58-60; Fujita and Mizuno, 2007) . At the same time, automobile manufacturers increasingly used different types of strip for different parts of the vehicle body, depending upon their exposure to corrosive elements and upon the mode of pressing the steel into the required shape 28 (for example, see Dasarathy and Goodwin, 1990; Takahashi, 2003) .
Higher strength steels (HSS)were also introduced, first in the USA, for structural members formed from steel strip, such as bumper reinforcements, side door beams and seat belt anchors, in response to regulatory pressures to improve in-vehicle safety. These components were manufactured principally from hot rolled, niobiumtreated and precipitation-hardened micro-alloy steels. They had a favourable cost/weight ratio compared to conventional plain carbon steels and required only minor modification to manufacturing methods and facilities. HSS has a higher yield 27 Reheating results in the grains within the structure recrystallising into many finer grains, enabling dislocations to move more easily. As a result the steel becomes softer. 28 There are four methods of press-forming steel: that is, pressing the sheet steel between a punch and die, blanked to the appropriate size: deep drawing; stretching; stretch flanging; bending. The required properties of steel, for example ductility and formability, depend upon the press forming method(s) required for a given component (Takahashi, 2003) . More recently hydroforming has become more common -see below.
strength and failure strength compared to mild steel and so improves the impact energy absorbing capacity and resistance to plastic deformation (Li et al, 2003) .
The oil crises of the 1970s greatly reinforced the impetus to increased use of higher strength but thinner and lighter steels, especially cold-reduced strip for inner and outer body panels, in order to reduce vehicle weight and fuel consumption 30 Springback refers to the tendency of a metal partially to return to its previous shape. It is positively correlated with the degree of work hardening or strengthening. 31 These included dual phase (DT), complex phase (CP), Ferrite-bainite (FB), Transformation Induced Plasticity (TRIP), Twin Induced Plasticity (TWIP) and Martensitic steels. A "phase" is a form of a material having an identifiable composition, characteristic microstructure and properties, and boundaries separating it from other phases (Gourgues et al, 2000; Smith and Hashemi, 2001, 394-6; Toribio, 2004) . Phase diagrams show the conditions in terms of temperature and composition that need to be satisfied to produce steels with particular crystal lattice microstructures and so particular properties suited for different uses, the use value of the steel being directly related to its composition and microstructure.. 32 Dual-phase and TRIP steels have tensile strengths up to 600 and 800 N/mm 2 respectively. N/mm 2 is a measure of pressure, one Newton per square millimetre equating to 145.0377 pounds per square inch. Ultrahigh strength steels have tensile strengths up to 1,200 N/mm 2 .
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and strength characteristics for a given end use (Takahashi, 2003; Geck, 2010) 33 .
The critical element in the manufacturing process, therefore, is precise control of the processing conditions to optimise the microstructure of the steel and produce steels with very specific qualities for particular end uses 34 . On average replacing conventional steel designs with optimised AHSS designs in a typical five passenger compact vehicle results in a 25% reduction in body structure weight, a 8% reduction in vehicle weight, and a reduction of more than 5% in fuel consumption and lifecycle emissions of greenhouse gases (Opbroek, 2008; see also Obenchain et al, 2002) .
This allows compliance with tightening environmental regulation while enhancing the 'green' credentials of the vehicle and lowering running costs 35 .
At the same time as new AHSSs have been developed, there have been significant related process innovations that optimise their use, contributing to further weight and cost reduction, linked to advances in computer simulation that enable optimisation of choice of steels and tools (Takita and Ohashi, 2001 ). For decades each body panel was formed from a single sheet of steel, cut to an appropriate blank size and shape prior to forming, with each part of a pressing made from the same grade of steel. As a result, certain parts of a pressing may have been stronger than strictly necessary or additional strengthening members may have been required to reinforce parts of a pressing that might otherwise have been too weak. In contrast, tailored blanking combines steels with different qualities and thicknesses into a single sheet by laser 33 Broadly speaking, end uses can be classified as: panels; structural members; reinforcements; and chassis. Steels are produced with the combination of attributes most appropriate to a given use (for details, Takahashi, 2003) . 34 Often the introduction of new AHSSs has been synchronised with that of new automobile models (Takita and Ohashi, 2001) . 35 The search for more cost-effective grades of steel via collaboration between automobile and steel producers in pursuit of competitive advantage via product innovation is continuous and on-going. For example, following collaboration with several automobile OEMs, Corus announced the creation of a new DP steel, 800 HyPerform, with a hot-dipped galvanised zinc coating, specifically targeted at the automobile sector. It is claimed to be the first to allow automobile manufacturers to use a single steel to produce highly crash resistant lightweight structural and reinforcement components while lowering their price (UK Government, 2010).. welding prior to pressing. Different parts of the component are designed to optimise shape, thickness and welding arrangements and produced with appropriate properties so as to maximise strength where needed and eliminate excess mass (Trem, 2004) . The use of advanced forming technologies such as hot press forming and hydroforming has also increased (Kwon and Baik, n.d.; Obenchain et al, 2002; Singh, 2003) . Hot press forming, involving heating steel sheets to which boron has been added to above 900 o C and then pressing with cold dyes, is used to produce bumpers, pillars and cross-members. Hydroforming involves forming parts via hydraulic pressure, increasing yield strength and the dimensional stability of steel components while enabling complex parts (such as pillar reinforcements and suspension members) to be formed via a single process. This obviates the need to combine the products of multiple stamping processes and enables AHHSs to be used for a greater range of components and parts. However, the costs associated with fixed capital sunk into presswork technology and the resistance of engineers experienced in that technology have inhibited the speed with which automobile companies have adopted hydroforming in producing the body-in-white (Godwin, 1998) .
As pressures to reduce the weight of vehicles continue, especially with the introduction of electrically-powered automobiles with electric motors powered by heavy batteries, European automobile manufacturers and stainless steel producers collaborated in the Next Generation Vehicle (NGV) project. This involved exploring the use of stainless steels for various structural components of vehicle frames, such as door pillars 36 . In particular, nickel-containing grades of metastable, austenitic 36 There are alternative materials such as aluminium alloys, against which stainless steels compete on both price and qualities. stainless steels were identified as particularly appropriate 37 . These austenitic steels have a high work hardening rate, becoming stronger as they are deformed and hydroformed or cold-rolled into components. Moreover, in a collision they absorb more energy than carbon structural steels. They can therefore replace carbon steels while meeting regulatory crash-safety standards and providing greater protection to the vehicle occupants in a crash (Anon, 2008) . Computer Aided Engineering (CAE) programmes allow engineers to simulate crashes using dynamic material properties and ensure that vehicle designs maximise safety (Oberchain et al, 2002) .
Using austenitic stainless steels for structural components could reduce the weight of an average-sized European automobile by 90-110 kgs (Robert Gustafsson, manager of the NGV project: cited in Gehr, 2009, 37). In addition, these steels can be welded to carbon steels, enabling different types of steel to be used as appropriate in the vehicle body (Schuberth et al, 2008, 6) . This is important, as austenitic stainless steels can be up to three times more expensive than carbon steels (Gehr, 2008) . In the logic of commodity production it is important that they are only used in applications that optimise the benefits of their particular qualities and allow a cost effective trade-off of weight reduction against greater unit price.
Potentially more significant, however, is the further development as part of the NGV of software programmes that simulate all stages of production, taking metal through each step of forming and welding in the process of materials transformation. These programmes enable engineers to model the transformation process and see how substituting grades and fabrication processes can enhance the qualities of the 37 Stainless steel, the most corrosion resistant type of steel (Ashby and Jones, 1992, 119) , became increasingly used for vehicle exhausts from the 1970s, in addition to radiator grills and external and internal trims. Austenitic stainless steels contain a maximum of 0.15% carbon, a minimum of 16% chromium and sufficient manganese and/or nickel (at least 8%) to retain an austenitic structure at all temperatures (Llewellyn and Hudd, 2004, 515-6, 330-332). finished part. According to Gustafsson, "Without the software it wasn't really possible to simulate this [the transformation process] in a proper way, taking into consideration the deformation hardening and the way that happens. It's a big step forward, enabling car makers and other manufacturers to determine the best materials and applications without having to build and test parts that won't make the grade" (cited in Anon, 2008, 7) 38 . Consequently, these developments are important in minimising R&D costs as well as of subsequent production costs via optimising the use of materials.
Engineering steels and automobile production
Very different types of high tensile strength (> 750 N/mm 2 ) steel are required for engine and transmission components that will be subjected to high levels of service stress. These engineering steels encompass a wide range of compositions, all of which until recently have generally been heat treated to produce the required tensile strength levels via generating lower temperature transformation microstructures, principally bainite and martensite. The critical property of engineering steels is their hardenability 39 , their capability to produce a particular level of strength in a specific section size (the ruling section) and harden in depth (rather than simply on a surface layer). Achieving hardenability depends upon the addition of appropriate alloying elements and the cooling rate on a specific composition or section size.
There have been important innovations in engineering steels, especially following the development of isothermal transformation (ITT) diagrams in the 1930s (Bain and 38 Individual steel companies make such software freely available to potential users (for example, see Corus, n.d. (b) ). For a further example of developments in simulation via finite element modelling (FEM) of the fabrication and use of TRIP stainless steels see Schedin et al, 2008 . FEM involves computer simulation of a wide variety of different forming operations for 3-D shapes by computer-aided engineering (Llewellyn and Hudd, 2004, 35-6) . 39 Although rather clumsy, this term is used in the technical literature on steel and so is used it here Davenport, 1930 Davenport, , reprinted 1970 . Until the late 1940s engineering steels for automobile engines and transmission parts were largely based on compositions containing substantial amounts of nickel and molybdenum (Ni-Mo) to give the required high levels of strength (from nickel) and toughness and wear (from molybdenum). During the 1950s, however, research revealed that many such steels were over-alloyed in relation to the hardenability requirements of the components and that the required levels of strength could be achieved with steels of leaner compositions -and so produced at lower cost, giving them a competitive advantage. alloy, medium-carbon steel 42 after air cooling following forging, eliminating the need for expensive heat treatments. Subsequently, other steel producers, especially in the rest of Western Europe and Japan, developed similar micro-alloy 43 forging steels, which gradually replaced quenched and tempered steels in the production of components such as crankshafts, connecting rods, steering knuckles, axle beams and tension rods (Korchynsky and Paules, 1989) . Adoption of such micro-alloy steels generates substantial cost savings, for three reasons: they incorporate less expensive alloys than the alloy grades they replaced; they eliminate heat treatment costs; and they give improved machining characteristics. The ability to reduce costs became increasingly important to engineering steel producers in North American and Western Europe as the international division of labour in steel changed and NICs, especially India and those in the Far East, developed the capacity to produce engineering steels. For example, by the latter part of the twentieth century, gearbox forgings from these places were 40% cheaper (Corus Engineering Steels, 2001, 10) .
Machinability is a particularly important attribute of engineering steels, since machining can account for up to 60% of the cost of production of automobile components. It can be enhanced via adding small amounts of sulphur, calcium and tellurium (Llewellyn, 1995, 164-7) . Machining involves a variety of operations (for example, turning, milling, grinding, and drilling), several of which may be carried out in sequence on an automated lathe in the production of a single component, while each involves differing metal cutting actions and conditions of temperature, strain rate and chip formation. Indeed, for components that are mass produced at high machining rates, such as hose couplings and spark plug bodies, the mechanical 42 A carbon content of between 0.30% and 0.59% balances ductility and strength. 43 The most commonly added alloy is vanadium, which effectively combines grain refinement and precipitation hardening, maximising the strengthening process: Korchynsky, 2001) property requirements of the steel are minimal and the pre-eminent requirement is a high and consistent level of machinability in low-carbon free-cutting steel.
For other components, however, machinability matters for different reasons.
Automotive transmissions components, such as gears and axles, must be produced to very demanding tolerances, minimising distortion in order to prevent misalignment, overloading and premature failure. Distortion represents a potentially significant problem in producing precision engineered gears and axles. Slight inaccuracies in shape lead to irregular tooth contact patterns and to problems ranging from a high level of noise in the gearbox or axle to premature fatigue failure because of overload.
Given that dimensional change under fast-cooling conditions is inevitable, coping with it depends upon control and consistency of response and this requires predictable and appropriate properties in the steel used to form the component.
As a result, automobile manufacturers generally specify carburised steels with narrowly defined hardenability bands to minimise the variation in distortion such that changes can be accommodated in the pre-treatment geometry, while reducing temperature gradients during quenching to reduce the degree of irregular dimensional change. Carburised steels have a duplex microstructure combining a hard fatigue-resistant martensitic case with a lower strength but tough and ductile 44 They have a surface layer with a carbon content of about 0.8% and a lower carbon content core -around 0.2% -a result of gaseous diffusion of carbon in the austenite state into the surface layers of low carbon steel.
In summary, a considerable variety of types of steel can be made to meet the demands of automobile producers. In part this is a result of steel producers responding to competition on performance and costs from other materials (chiefly aluminium and plastics). In part it has been driven by competition among steel companies. The net result is that steel producers have found it imperative to improve production processes and devise new steel compositions and ways to produce and process them. There have been significant process and product innovations in steel production, which is now deeply grounded in scientific knowledge about materials, their properties and processes of materials transformation and in sophisticated computer-controlled production processes managed via expert systems that combine scientific knowledge created in research laboratories with knowledge that once was tacit but has now been captured in codified form. As a result, it is now possible to manufacture an immense variety of types of steel, depending on the interplay of chemical composition, production processes, production costs and market forces, on the interrelations between processes of material transformation and those of value creation. Different combinations of alloying elements result in steels with different properties such as hardness, tensile strength and ductility. The properties of steels can be further manipulated via physical processing (such as rolling, pressing and forging) and sequences of heating and cooling. Consequently, the type of steel required for a particular end use -in this case automobile manufacture -can be precisely specified and the production process designed to result in steel with the required and desired properties. This ability to manipulate the properties of the metal is critical in establishing its use value, the use to which the steel will be put and the possibilities of using it as a component of constant capital in commodity production, although there is also an important relationship between the complexity of the transformation process, the cost of the product and demand for it.
Conclusions
The starting point for this paper was that a CPE needs to take on board the challenge that originates in Marx's seminal contributions of conceptualising the economy as conjoined processes of value creation and material transformations, whatever the epistemological dilemmas this might pose. This is because, inter alia, the successful production of commodities requires knowledge of their constituent materials and their potential transformations and the ways in which these can be managed through the production process to allow the creation of surplus-value and profits.
Over a period of many years, chemists, metallurgists and physical scientists have built up, and continue to expand, a body of knowledge about the compositions and processes through which different kinds of steel can be produced. This enables them to predict the attributes and qualities of the resultant steels. Consequently, they can respond to the demands of -say -automobile producers for steels with particular characteristics. This is crucial since the ability to manufacture particular components of a vehicle to the required standard and accuracy depends upon the characteristics of the steel used for that component. The use value of the steel -and hence its potential exchange value -is a consequence of its microstructure and chemical and The paper can thus be seen as a response to the challenge laid down by Bakker and Bridge (2006, 13) to understand better how "the properties of the new steels (hardness, ductility, physical and chemical stability) [enabled] the rise of production of interchangeable parts and the cultural values associated with the mass consumption of standardised products" that was central to the rise of Fordism and its high volume flexible production successors. Knowledge of material properties and transformations is certainly required for successful commodity production, but it is a necessary not sufficient condition. While there have been references to the economics of production, market competition and regulatory requirements and the influences that shape these, a more comprehensive critical political-economic analysis would need to bring together consideration of the properties of matter and material transformations with fuller consideration of the 'traditional' concerns of political economists and economic geographers, such as analysis of the labour process, production costs, IPR and patents, markets and profits and so on, and the ways in which these influences intersect with the characteristics of places to shape the spatiality of production. In this way a thorough recognition that production is always both a value creating process and a process of materials transformation could be restored to the centre of a CPE. As a necessary corollary, however, critical political economists need to engage with the forms of knowledge of 'traditional theory' used by physical scientists in their studies of materials and materials transformations in order to appreciate the material limits to and possibilities of transforming production. I want to end, however, on a normative point that relates to the sort of economy that might be imagined as an alternative to contemporary forms of capitalism, What, to borrow and adapt a phrase from Vogel (1996, 168) 
